High body burdens of polybrominated diphenyl ethers (PBDEs) in infants and young children have led to increased concern over their potential impact on human development. PBDE exposure can alter the expression of genes involved in thyroid homeostasis, including those of ATP-binding cassette (ABC) transporters, which mediate cellular xenobiotic efflux. However, little information exists on how PBDEs interact with ABC transporters such as P-glycoprotein (P-gp) and breast cancer resistance protein (BCRP). The purpose of this study was to evaluate the interactions of 2,2 0 ,4,4 0 -tetrabromodiphenyl ether (BDE-47) and its hydroxylated metabolite 6-OH-BDE-47 with P-gp and BCRP, using human MDR1-and BCRP-expressing membrane vesicles and stably transfected NIH-3T3-MDR1 and MDCK-BCRP cells. In P-gp membranes, BDE-47 did not affect P-gp activity; however, 6-OH-BDE-47 inhibited P-gp activity at low mM concentrations (IC 50 ¼ 11.7 mM). In BCRP membranes, BDE-47 inhibited BCRP activity; however, 6-OH-BDE-47 was a stronger inhibitor [IC 50 ¼ 45.9 mM (BDE-47) vs. IC 50 ¼ 9.4 mM (6-OH-BDE-47)]. Intracellular concentrations of known P-gp and BCRP substrates [( 3 H)-paclitaxel and ( 3 H)-prazosin, respectively] were significantly higher (indicating less efflux) in NIH-3T3-MDR1 and MDCK-BCRP cells in the presence of 6-OH-BDE-47, but not BDE-47. Collectively, our results indicate that the BDE-47 metabolite 6-OH-BDE-47 is an inhibitor of both P-gp and BCRP efflux activity. These findings suggest that some effects previously attributed to BDE-47 in biological systems may actually be due to 6-OH-BDE-47. Considerations for human exposure are discussed.
INTRODUCTION
Polybrominated diphenyl ethers (PBDEs) are flame retardant chemicals that were used in large amounts in consumer products (electronics, foams, and plastics), leading to widespread environmental contamination. PBDEs were produced in 3 mixtures: PentaBDE (tri-through hexa-brominated congeners); OctaBDE (hexa-and hepta-brominated congeners); and DecaBDE . PentaBDE and OctaBDE were withdrawn from the U.S. market in 2004 and DecaBDE was phased-out in 2013. However, human exposures to PBDEs through contaminated food sources and indoor air/dust (Johnson et al., 2010; Schecter et al., 2006) are expected to continue for many years due to their ubiquitous use and environmental persistence.
In humans, the highest body burdens of PBDEs are found in infants and young children, primarily from ingesting breast milk and house dust, respectively, which has led to increased concerns over the potential for these compounds to adversely impact human development (Costa et al., 2008; JohnsonRestrepo and Kannan, 2009; Rose et al., 2010; Toms et al., 2008) . In general, animal and in vitro studies suggest that PBDE exposure can lead to adverse neurodevelopmental, reproductive, Published by Oxford University Press on behalf of the Society of Toxicology 2016. This work is written by US Government employees and is in the public domain in the US. and thyroid effects (Birnbaum, 2007; Schreiber et al., 2010) ; however, associations between perinatal exposure to PBDEs and suboptimal neurodevelopmental outcomes in children (Gascon et al., 2012; Herbstman et al., 2010) are not well understood. A further confounding factor is evidence suggesting that cytochrome P450 (CYP) enzymes bio-activate PBDEs in humans to form hydroxylated metabolites (OH-PBDEs) with potentially greater toxicity than parent compounds (Dingemans et al., 2008; Hamers et al., 2008) .
2,2 0 ,4,4 0 -Tetrabromodiphenyl ether (BDE-47) is a major component of PentaBDE and is the predominant congener found in most human samples (serum, breast milk, and adipose tissue) (Marchitti et al., 2013b; Sjodin et al., 2014) . CYP-mediated metabolism of BDE-47 ( Figure 1 ) produces various hydroxylated metabolites (OH-PBDEs) that accumulate in human serum at levels similar to or greater than BDE-47 (Feo et al., 2013; Staskal et al., 2006) . 6-OH-BDE-47 is one of the most frequently detected congeners in human samples (Athanasiadou et al., 2008; Chen et al., 2016; Qiu et al., 2009 ) and evidence suggests that it may be the most toxic (Macaulay et al., 2015; Usenko et al., 2012) . Like BDE-47, 6-OH-BDE-47 has been detected in maternal serum, umbilical cord blood, and breast milk, leading to concerns over its potential impact to developing infants (Aylward et al., 2014; Chen et al., 2016; Stapleton et al., 2011; Zota et al., 2011) . OH-PBDEs may contribute to neurodevelopmental disorders through direct neurotoxicity or, indirectly, through thyroid disruption (Dingemans et al., 2011; Hendriks et al., 2010; Kim et al., 2011) . Structurally similar to endogenous thyroid hormones (Figure 1 ), OH-PBDEs may disrupt thyroid homeostasis via interference with transporters, protein binding, or gene expression (Dallaire et al., 2009 ). OH-PBDEs inhibit thyroid sulfotransferase and deiodinase enzymes (Butt and Stapleton, 2013; Butt et al., 2011) and compete with the natural thyroid hormone thyroxine (T4) for binding to human transthyretin and thyroxine-binding globulin (Szabo et al., 2009; Marchesini et al., 2008) . Exposure to BDE-47 and metabolites in adult and developing rodents leads to changes in the expression of genes involved in thyroid homeostasis, including multidrug resistance transporters of the ATP binding cassette (ABC) family such as P-glycoprotein [P-gp (also known as MDR1, ABCB1)] and breast cancer resistance protein [BCRP (also known as ABCG2)] (Richardson et al., 2008; Szabo et al., 2009 ). P-gp and BCRP are cellular membrane transporters that actively (ie, ATP-dependently) efflux chemical substrates, thus playing critical roles in the cellular protection against potentially toxic compounds and in the absorption and distribution of xenobiotics (Chu et al., 2013) . In the placenta, P-gp and BCRP limit the entry of xenobiotics into the fetal circulation (Aye and Keelan, 2013) .
Understanding early life exposure is important for accurate exposure and risk assessments in infants and children. Inhibition of ABC transporters or changes in their expression may alter the pharmacokinetics of xenobiotics (Kaddoumi et al., 2007; Mistry et al., 2001) . Evaluating how drugs interact with ABC transporters has been critical to understanding drug absorption, chemotherapeutic resistance, and drug-drug interactions. Environmental chemicals, including pesticides and their metabolites, have also been shown to interact with ABC transporters as competitive substrates or non-specific inhibitors, with impacts on intracellular and systemic exposure concentrations of xenobiotics (Mazur et al., 2012 (Mazur et al., , 2014 Oosterhuis et al., 2008) . However, limited information exists on the potential for PBDEs to interact with P-gp and BCRP, and no studies have evaluated their hydroxylated metabolites. In this study, we present an in-depth evaluation of BDE-47 and 6-OH-BDE-47 with P-gp and BCRP using in vitro P-gp and BCRP vesicle assay systems, human P-gp (MDR1)-transfected NIH-3T3 cells, and human BCRP-transfected Madin-Darby Canine Kidney Epithelial (MDCK) cells. used to measure the inhibitory effect of BDE-47 and its hydroxylated metabolite 6-OH-BDE-47 on P-gp-and BCRPmediated transport of the probe substrates N-methyl quinidine (NMQ) and Lucifer Yellow, respectively. In this system, the inverted membrane conformation allows P-gp or BCRP transport (efflux) of substrates into the vesicle lumen; after membrane solubilization, the amount of transported substrate can be determined. Human P-gp and BCRP membrane vesicles and all chemical reagents were purchased as PREDIVEZ assay kits from Solvo Biotechnology (Szeged, Hungary). All transporter assay kit components and reagents were stored at À80 C until use.
The ATP-dependent efflux of the P-gp substrate NMQ (2 mM final concentration) into human P-gp vesicles was measured using a rapid filtration technique in the absence and the presence of ATP, following the protocol of the manufacturer. Stock solutions of test chemicals were prepared in DMSO with final assay concentrations ranging from 0.02 mM to 200 mM. Briefly, human P-gp expressing mammalian cell membrane suspensions (50 mL) were loaded onto 96-well flat bottom tissue culture plates (50 mg protein), followed by the addition of the chemicals (0.75 mL). Plates were pre-incubated for 15 min at 37 C. Reactions were started by adding 25 mL assay buffer (Solvo kit) with and without ATP, and allowed to proceed for 3 min at 37 C. Reactions were terminated with 200 mL of ice cold "washing mix" (Solvo kit), and the solution was transferred to a glass fiber (Type B) filter plate (Millipore, Billerica, Massachusetts) and washed 5 times with "washing mix" using a Millipore Multiscreen TM rapid filtration vacuum manifold.
Vesicles were solubilized in methanol:water (70:30, v/v) at room temperature and vacuum collected. Quinidine (25 ng/mL in DMSO) was included in all experimental samples as the internal standard for LC/MS/MS analysis. Verapamil and erythromycin, known inhibitors of P-gp, were used as controls (Eberl et al., 2007; Heredi-Szabo et al., 2013) . The ATP-dependent efflux of the BCRP substrate Lucifer Yellow (2 mM final concentration) into human BCRP vesicles was determined using the same methods, except that after vacuum filtration, filters were dried and a fluorescent detection solution (1Â Detector) was added to each well and incubated for 10 min at room temperature. To evaluate whether BDE-47 and 6-OH-BDE-47 function as Pgp or BCRP substrates, P-gp and BCRP membrane vesicle assays were conducted using identical protocols as above, except that the intra-vesicular concentrations of BDE-47 and 6-OH-BDE-47 in vesicles was directly measured. Concentrations of BDE-47 were analyzed by GC/MS, whereas those of 6-OH-BDE-47 were analyzed by LC/MS/MS. NMQ and Lucifer Yellow samples with and without ATP served as controls for P-gp and BCRP transport, respectively.
LC/MS/MS analysis. Quantitation of NMQ was performed as described (Mazur et al., 2012) using an Agilent 1200 highperformance liquid chromatograph (HPLC) coupled to a 6420 triple quad mass spectrometer (Agilent, Santa Clara, California). Injections (2 mL) at a 0.65 ml/min flow rate were made onto a Waters Atlantis C18 column (2.1 mm Â 100 mm, 5 mm particle diameter; Milford, Massachusetts) maintained at 35 C. Gradient elution with 0.2% formic acid in methanol (solvent A) or water (solvent B) was applied under these conditions: 15% A for 0.1 min, followed by a linear gradient to 45% A at 2.5 min, increasing to 100% A at 2.6 min, and held for a 6 min stop time.
The column was then allowed to re-equilibrate under the original conditions for a 3 min post-time. MS/MS detection was conducted using ESIþ in multiple reaction mode under these conditions: NMQ quantifying transition ion m/z 339-172, with qualifying ion transitions m/z 339-160 and 339-96.2 (collision energies 44 V, 34 V, and 40 V, respectively), with the fragmenting voltage set to 165 V. The internal standard quinidine was quantified based on the transition ion m/z 325-81 with the fragmenting voltage, collision energy, and cell accelerator set to 140 V, 40 V, and 4 V, respectively. ESI source parameters were applied according to the following: source gas temperature 350 C, gas flow 11 L/min, nebulizer 50 psi, capillary 4500 V. NMQ standard curves (0.5-70 ng/mL) were prepared in (70:30, MeOH:H 2 O) using quinidine as an internal standard. Instrument calibration based on a response factor was conducted for each vesicle transport assay and verified during analysis by running a check standard every 10 samples. Analysis of the BDE-47 metabolite 6-OH-BDE-47 was performed using a previously developed method (Sun et al., 2013) with the same LC/MS/MS system as above. Injections (10 mL) were made onto a Thermo Scientific Acclaim TM RSLC 120 C18 column (2.2 mm Â 100 mm, 2.2 mm particle diameter; Waltham, Massachusetts) maintained at 35 C with a flow rate of 0.38 mL/ min. The mobile phase consisted of acetonitrile (solvent A) and water (solvent B) and was used with a gradient elution of A:B from 55:45 to 75:25 in 20 min, followed by a 5 min post reequilibration time. MS/MS detection of 6-OH-BDE-47 was conducted using ESI source in the negative multiple reaction (MRM) mode. The 6-OH-BDE-47 precursor ion was m/z 500.7 and product ion m/z 80.8. The collision energy, fragmenting voltage, and cell accelerator were set to 8V, 100 V, and 7 V respectively. ESI source parameters were set to the following: source gas temperature 350 C, gas flow 13 L/min, nebulizer 55 psi, Delta electron multiplier voltage (EMV) was 400 V and capillary 5000 V. Data acquisition and analysis were processed by MassHunter WorkStation software.
GC/MS analysis. Quantification of the parent compound BDE-47 and internal standard [4 0 -fluoro-2,3 0 ,4,6-tetrabromodiphenyl ether (FBDE)] was performed using a HP 6890 Series gas chromatogram coupled to a HP 5973 Mass Selective Detector (MSD) and equipped with a HP 6890 Series Injector (Agilent Technologies, Santa Clara, California). The following temperature profile was used: initial oven temperature of 90 C, hold for 1 min, ramp at 20 C/min to 340 C, and hold for 2.5 min (total run time of 16 min). Chromatographic separation was achieved with a DB5ms column (30 m Â 0.25 mm, 0.25 mm film thickness, Agilent Technologies, Santa Clara, CA) and helium was used as the carrier gas and held at a constant flow of 1.0 mL/min. Samples were injected (2 mL) in pulsed splitless injection mode (pulse pressure of 15.8 psi at 1.8 min) at a temperature of 280 C. The MS quad, source, and interface temperatures were 250 C, 230 C, and 280 C, respectively. The MSD was operated in selected ion monitoring mode monitoring 2 ions for each analyte, 485.7 and 325.8 m/Z for BDE-47 and 503.7 and 343.8 for the internal standard.
Cell culture. The parental NIH-3T3 murine fibroblast cell line and its human MDR1 transfected counterpart, the NIH-3T3-G185 cell line (NIH-3T3-MDR1), were kindly provided by Dr. M.M. Gottesman (The National Cancer Institute at the National Institutes of Health, Bethesda, Maryland) (Cardarelli et al., 1995) . MDCK-pcDNA3 vector control cells and MDCK cells transfected with human BCRP (MDCK-BCRP) were kindly provided by Dr. Qingcheng Mao (University of Washington, Seattle, Washington). NIH-3T3 cells were maintained in Dulbecco's modified Eagle medium (DMEM), supplemented with 10% FBS (ATCC, Rockville, Maryland). The drug-resistant NIH-3T3-MDR1 cell line was maintained in medium supplemented with 60 ng/ mL of colchicine (Sigma, St. Louis, Missouri). MDCK cells were maintained in DMEM with high glucose and L-glutamine, 10% FBS (ATCC, Rockville, Maryland), and 500 mg/mL of G418 (Life Technologies, Carlsbad, California). All cells were maintained in media supplemented with antibiotics [100 U/mL penicillin; 100 mg/mL streptomycin (Life Technologies)] and 1 mL/mL MycoZap (Lonza, Basel, Switzerland) and a humidified atmosphere with 5% CO 2 at 37 C.
Western blot analysis. The expression of human P-gp in parental NIH-3T3 and NIH-3T3-MDR1 cells was determined by Western blot analysis, using the C219 monoclonal antibody (1:200 overnight, 4 C) (Covance, Dedham, Massachusetts) which recognizes all MDR1 isoforms (Georges et al., 1990) . The expression of human BCRP in MDCK-Vector and MDCK-BCRP cells was determined by Western blot analysis, using the BXP-21 monoclonal antibody which reacts with an internal epitope of human BCRP (1:500 1 hr, room temperature) (Millipore, Billerica, Massachusetts). Briefly, cells were lysed in RIPA lysis buffer, followed by ultrasonication. Cell lysate protein content was determined using a Pierce BCA protein assay kit according to the guidelines of the manufacturer. Samples (30-50 mg) were separated on 10% SDS-PAGE gels and transferred to PVDF membranes (Hybond-P, GE Healthcare, Piscataway, New Foundland) which were blocked overnight at 4 C in 1Â TBST (0.1% Tween)
buffer containing 5% non-fat milk. Membranes were probed with primary antibodies, followed with secondary goat antimouse HRP antibody (1:1000 1 h, room temperature) (Bethyl, Montgomery, Texas). Blots were washed and visualized using enhanced chemiluminescence and imaged with a Fluorchem SP digital imager (Alpha Innotech, San Leandro, California). Membranes were re-probed for b-actin as a loading control using b-actin primary antibody (1:1000) (Sigma Aldrich, St. Louis, Missouri).
Cytotoxicity assays. Statistics. P-gp and BCRP-expressed membrane vesicle IC 50 values were determined for each test chemical by curve-fitting the data using non-linear regression with a 4-parameter logistic fit (SigmaPlot, version 13.0) . To analyze for statistical differences between groups, Student's unpaired t-tests and 2-way ANOVA for multiple groups were used (SigmaPlot); P < .05 was considered significant. All values are expressed as means 6 SEM.
RESULTS
Influence of BDE-47 and 6-OH-BDE-47 on P-gp Transport in Membrane Vesicles BDE-47 did not affect P-gp-mediated transport of the probe substrate NMQ in P-gp membrane vesicles ( Figure 2 and Table 1 ). In contrast, 6-OH-BDE-47 inhibited P-gp-mediated transport of NMQ in a concentration-dependent manner with an IC 50 value of 11.7 mM. 6-OH-BDE-47 demonstrated a greater ability to inhibit P-gp-mediated transport of NMQ than the P-gp inhibitor erythromycin (IC 50 value, 145.1 mM), but was a weaker inhibitor of P-gp than verapamil (IC 50 value, 1.8 mM). At 40 mM 6-OH-BDE-47, no measurable P-gp-mediated transport of NMQ was detected. In contrast, P-gp-mediated transport was unaffected at 200 mM BDE-47, the highest concentration evaluated. IC 50 values for verapamil and erythromycin were consistent with quality assurance reports and assay kit documentation [Solvo (Heredi-Szabo et al. 2013) ]. Control membranes lacking P-gp expression displayed no significant efflux of NMQ (data not shown).
Influence of BDE-47 and 6-OH-BDE-47 on BCRP Transport in Membrane Vesicles BDE-47 inhibited (IC 50 value, 45.9 mM) BCRP-mediated transport of the probe substrate Lucifer Yellow in membrane vesicles in a dose-response manner, although this inhibition was less than that of 6-OH-BDE-47 (IC 50 value, 9.4 mM) ( Figure 3 and Table 1 ). Both compounds demonstrated a greater ability to inhibit BCRPmediated transport than the known BCRP inhibitor omeprazole (IC 50 value, 56.9 mM), but were weaker inhibitors than the more specific BCRP inhibitor Ko134 (IC 50 value, 0.1 mM). BCRP transport activity was essentially zero at 50 mM 6-OH-BDE-47, although approximately 50% activity remained at 50 mM BDE-47. Transport of BDE-47 and 6-OH-BDE-47 in "Inside-Out" P-gp and BCRP Membrane Vesicles To explore whether BDE-47 or 6-OH-BDE-47 potentially interact with P-gp or BCRP as substrates, the efflux of these compounds using "inside-out" membrane assays were performed with the exception that intra-vesicular concentrations (pmol/mg/min) of BDE-47 and 6-OH-BDE-47 were directly analyzed by GC/MS and LC/MS/MS, respectively. In this system, measurable intravesicular concentrations of xenobiotics can indicate either active transport (ATP-dependent), passive diffusion, or nonspecific binding to vesicular membranes (non-ATP-dependent). The actively transported P-gp and BCRP substrates NMQ and Lucifer Yellow, respectively, were used as controls. Although internal concentrations of BDE-47 and 6-OH-BDE-47 in P-gp and BCRP membrane vesicles were relatively high, no differences in concentrations were observed in the presence or absence of ATP ( Figure 4A and B). These results suggest that BDE-47 and 6-OH-BDE-47 likely bind non-specifically to vesicle membranes or cross vesicle membranes via passive diffusion, suggesting that they may not be strong substrates of P-gp or BCRP. Additional chemical concentrations and experimental reaction times did not affect these results (data not shown); however, if BDE-47 or 6-OH-BDE-47 were actively transported by P-gp or BCRP to a minor extent, it would have been difficult to detect because of the high degree of passive diffusion observed for these compounds. 2) and MDCK-BCRP cells ( Figure 5B , lane 2), respectively; no expression was detectable in parental or vector control cells ( Figure 5A and B, lane 1). Using MTS cytotoxicity assays, a significant protective effect against the control P-gp substrate paclitaxel was demonstrated in NIH-3T3-MDR1 cells compared with parental cells ( Figure 6A ). The specific P-gp inhibitor PSC-833 had no additional effect on parental cell viability in response to paclitaxel, but decreased cell viability in NIH-3T3-MDR1 cells to levels demonstrated in parental cells (data not shown). Cytotoxicity in response to BDE-47 was evident in NIH-3T3-MDR1 and parental cells only at relatively high (100 mM) concentrations ( Figure 6B ). No significant differences in viability between NIH-3T3-MDR1 and parental cells in response to BDE-47 were demonstrated. Cytotoxicity in response to 6-OH-BDE-47 was evident at 10 mM with complete cell death at 100 mM ( Figure 6C) . A modest but significant cytoprotective effect (29% vs 5% cell viability) of P-gp against 6-OH-BDE-47 was seen in NIH-3T3-MDR1 cells compared with parental cells, respectively.
Cytotoxicity Assays
In MDCK cells, a significant protective effect was seen in MDCK-BCRP cells in response to the control BCRP substrate mitoxantrone compared with vector control cells ( Figure 7A ). Similar to NIH-3T3 cells, BDE-47 cytotoxicity in MDCK cells was evident only at 100 mM; however, BDE-47 was less toxic overall to MDCK cells compared with NIH-3T3 cells ( Figure 7B ). 6-OH-BDE-47 significantly decreased cell viability of MDCK-BCRP and vector control cells by approximately 50% at 10 mM concentrations (compared with 80% in NIH-3T3 cells) ( Figure 7C ). No significant differences in viability between MDCK-BCRP and vector control cells were demonstrated in response to BDE-47 or 6-OH-BDE-47.
Cellular Efflux Assays
To determine if exposure to BDE-47 (0.1-100 mM) and 6-OH-BDE-47 (0.1-100 mM) affect transport (efflux) activities of P-gp and BCRP in transfected cells, cellular efflux assays were performed using the known P-gp and BCRP substrates paclitaxel and prazosin, respectively. In this system, an increase in the intracellular concentrations of paclitaxel and prazosin would suggest a decrease in P-gp and BCRP efflux activity, respectively. Although no significant changes in efflux of [3H]-paclitaxel were observed in NIH-3T3-MDR1 or parental cells in response to BDE-47 ( Figure 8A ), 6-OH-BDE-47 significantly decreased the cellular efflux of [3H]-paclitaxel in NIH-3T3-MDR1 cells in a dose-dependent manner ( Figure 8B ). At 50 mM and 100 mM 6-OH-BDE-47, intracellular concentrations of [3H]-paclitaxel increased by approximately 250% and 300%, respectively, in NIH-3T3-MDR1 cells, compared with cells exposed to [3H]-paclitaxel alone. This response was comparable with the intracellular increase in [3H]-paclitaxel observed in NIH-3T3-MDR1 cells in response to the known P-gp inhibitor cyclosporin-A (25 mM), which was used as a positive control. Cellular efflux of [3H]-paclitaxel in parental NIH-3T3 cells was primarily unaffected by 6-OH-BDE-47, although at 100 mM 6-OH-BDE-47, a 25% increase in intracellular concentrations of [3H]-paclitaxel was observed, which could indicate non-specific toxic effects.
In MDCK-BCRP and MDCK-vector control cells, BDE-47 (0.1-100 mM) had no effect on the cellular efflux of [3H]-prazosin ( Figure 9A ). In contrast, 6-OH-BDE-47 significantly decreased the cellular efflux of [3H]-prazosin (leading to intracellular accumulation) in MDCK-BCRP cells in a dose-response manner, beginning at 1 mM ( Figure 9B ). At 1 and 10 mM 6-OH-BDE-47, this intracellular increase was approximately 200%-220%, whereas 100 mM 6-OH-BDE-47 increased prazosin accumulation by approximately 550% in MDCK-BCRP cells. 6-OH-BDE-47 did not affect [3H]-prazosin efflux in MDCK-vector control cells. Similarly, the control BCRP inhibitor Ko134 increased intracellular concentrations of [3H]-prazosin by approximately 600%, but had no effect on vector control cells (Figure 9 ).
DISCUSSION
Transport proteins are present in virtually all tissues throughout the body where they play critical roles in determining intracellular and systemic concentrations of xenobiotics (Chu et al., 2013; Hillgren et al., 2013) . We have previously shown that environmental chemicals and their metabolites, including the agricultural fungicide propiconazole and bisphenol-A (BPA), interact with ABC transporters such as P-gp and BCRP, either as potential substrates or inhibitors (Mazur et al. 2012 (Mazur et al. , 2014 . These studies indicated that interactions with ABC transporters can differ substantially among parent compounds and their metabolites, which may have important pharmacokinetic implications. Common use pesticides, including structurally diverse organochlorines, organophosphates, and chloroacetanilides have also been shown to have specific interactions with ABC transporters, including the potent inhibition of P-gp activity with the potential to modulate drug absorption and cause the chemosensitization of cells (Oosterhuis et al. 2008; Pivcevic and Zaja, 2006) . Prior to this study, little was known whether other environmental chemicals, such as PBDEs and their hydroxylated metabolites, interact with ABC transporters and what impact this may have for pharmacokinetic and exposure assessments. In the U.S., concentrations of PBDEs in the serum of pregnant women and in breast milk samples are up to 10-fold higher than in Asia and Europe (Hites, 2004; Marchitti et al., 2013a; Sjodin et al., 2014) . Both PBDEs and OH-PBDEs have been shown to enter the fetal circulation and distribute into breast milk, resulting in high body burdens in infants and young children. PBDEs and OH-PBDEs have been shown to produce adverse reproductive and neurodevelopmental effects (Birnbaum, 2007; Gascon et al., 2012; Herbstman et al., 2010; Macaulay et al., 2015; Schreiber et al., 2010) , thus, there is increasing concern over their potential to impact fetal and infant neurodevelopment. In this study, we examined the interactions of BDE-47 and one of its most abundant and toxic hydroxylated metabolites, 6-OH-BDE-47, with the ABC transporters P-gp and BCRP.
BDE-47 and 6-OH-BDE-47 varied substantially in their interactions with P-gp and BCRP. In P-gp membrane vesicles, whereas the parent BDE-47 had no effect on P-gp efflux activity, 6-OH-BDE-47 was a strong inhibitor with an IC 50 value in the low micromolar range. P-gp inhibition by 6-OH-BDE-47 was similar to the known P-gp inhibitor verapamil. In BCRP membrane vesicles, both BDE-47 and 6-OH-BDE-47 inhibited BCRP transport activity in a dose-response manner; however, the metabolite 6-OH-BDE-47 demonstrated a 5-fold lower IC 50 value than did the parent compound. BCRP inhibition by 6-OH-BDE-47 was significantly stronger than that observed for the known BCRP inhibitor omeprazole but appreciably weaker than the specific inhibitor Ko134.
To explore whether BDE-47 or 6-OH-BDE-47 possesses substrate activity with P-gp or BCRP, direct analysis of intravesicular concentrations of BDE-47 and 6-OH-BDE-47 in "insideout" P-gp and BCRP vesicles was performed. Although these results suggest that neither compound is likely a strong substrate for P-gp or BCRP, further research into the potential substrate properties of BDE-47 and 6-OH-BDE-47 may be warranted. Due to the greater non-specific binding and passive diffusion that lipophilic compounds display, false-negative results can occur in both membrane vesicle assays and ATPase assays when lipophilic compounds are directly quantified as potential substrates (Brouwer et al., 2013, p. 95) . However, cytotoxicity assays of NIH-3T3-MDR1 and MDCK-BCRP cells exposed to BDE-47 and 6-OH-BDE-47 indicated no significant protection from BCRP against these compounds, supporting preliminary vesicle findings. Similarly, P-gp did not significantly protect against BDE-47 in NIH-3T3-MDR1 cells; however, modest cytoprotection of P-gp against 6-OH-BDE-47 at 10 mM was observed, suggesting 6-OH-BDE-47 may display minor substrate activity. P-gp has been reported to transport thyroid hormones, which are structurally similar to 6-OH-BDE-47, and shown to bind (but not necessarily transport) some lipophilic pesticides with molecular weights similar to BDE-47 and 6-OH-BDE-47 (Bain and LeBlanc, 1996; Mitchell et al., 2005) . A study investigating the distribution and elimination of PBDEs in mice indicated P-gp may play a minor role in the transport of BDE-47 as a secondary urinary elimination pathway, but the binding affinity of P-gp for BDE-47 may be low (Emond et al., 2013) . Although the findings of our study clearly demonstrate the inhibitory properties of 6-OH- BDE-47, the substrate properties of PBDEs and their active metabolites towards drug transporters remain to be fully clarified.
In the placenta, both P-gp and BCRP are highly expressed and localized to the brush border of syncytiotrophoblasts, the single limiting layer of multinuclear cells that make up the placental barrier (Prouillac and Lecoeur, 2010) . This microvillous brush border membrane is in direct contact with maternal blood; efflux transporters localized to the brush border are responsible for protecting the fetus via the direct efflux of potentially toxic xenobiotics from the placenta into the maternal circulation. Compounds that are not substrates for this protective mechanism would enter the fetal circulation unhindered and potentially be a source of fetal exposure. Concentrations of BDE-47 and 6-OH-BDE-47 in the serum of pregnant women have been reported to be approximately 13-43 ng/g lipid (geometric mean) for BDE-47 and 5-25 pg/mL (geometric mean) for 6-OH-BDE-47, depending on the study population (Chen et al., 2013; Stapleton et al., 2011; Zota et al., 2011) . Recent studies have shown that BDE-47 and 6-OH-BDE-47 are able to distribute from the maternal serum and cross the placental barrier into the fetal circulation (Aylward et al., 2014; Chen et al., 2016) ; our results suggest that these compounds are not strong candidates for P-gp or BCRP efflux support these findings. In studies analyzing paired maternal and infant samples, higher concentrations of BDE-47 and 6-OH-BDE-47 have been reported in umbilical cord serum (ie, fetal circulation) compared with maternal serum, with approximate cord:maternal ratios of 1.3 and 1.4, respectively (Aylward et al., 2014; Chen et al., 2013) . Similarly, OH-PBDEs appear to preferentially partition into fetal cord blood compared with placenta with concentrations of 6-OH-BDE-47 in fetal cord blood (median, 8 pg/g wet weight) reportedly exceeding those in the placenta by approximately 4-fold. High binding affinity of OH-PBDEs for thyroid hormone transport proteins has been suggested as an underlying mechanism for the maternal-to-fetal transport of OH-PBDEs (Chen et al., 2016) . In breast milk, concentrations of OH-PBDEs appear to be correlated with those in placenta (Chen et al., 2016) . In the mammary gland, BCRP is expressed in alveolar epithelial cells during pregnancy and lactation, where it actively secretes a variety of substrate drugs and toxins directly into breast milk (van Herwaarden and Schinkel, 2006) . This is in apparent contradiction with the fetal protecting role of BCRP expressed in the placenta resulting in possible exposure of breastfeeding infants to xenobiotics. Given our results, we would not expect BCRP to be actively involved in the efflux of BDE-47 or 6-OH-BDE-47 into human milk, but rather, these compounds likely distribute into breast milk through passive diffusion. Although estimated daily intakes of BDE-47 for U.S. infants are believed to exceed 100 ng/kg bw/day (Marchitti et al., 2016) , initial evidence suggests infants are exposed to substantially less OH-PBDEs through breast milk compared with parent PBDE compounds. In a Chinese population, the median breast milk concentration of 6-OH-BDE-47 was reported to be 1.8 pg/g (wet weight), corresponding to a mean estimated daily infant intake of approximately 0.3 ng/kg bw/day (Chen et al., 2016) .
To further evaluate the interactions of BDE-47 and 6-OH-BDE-47 on P-gp and BCRP efflux activity, NIH-3T3-MDR1 and MDCK-BCRP cells were used in experiments with radiolabeled P-gp and BCRP substrates. Results correlated well with those from membrane vesicle assays. Although BDE-47 did not significantly affect intracellular concentrations (or cellular efflux) of the P-gp substrate [3H]paclitaxel, exposure to 6-OH-BDE-47 in NIH-3T3-MDR1 cells increased intracellular concentrations of [3H]paclitaxel by approximately 5-fold, indicating a decrease in P-gp efflux activity. This was similar to the effect demonstrated by the P-gp inhibitor cyclosporin-A. Although some inhibition of BCRP efflux activity was seen in response to BDE-47 in BCRP membrane vesicle assays, BDE-47 exposure in MDCK-BCRP cells had no effect on the cellular efflux of [3H]prazosin. However, 6-OH-BDE-47 decreased the cellular efflux of [3H]prazosin in a dose-response manner beginning with a 2.5-fold increase in intracellular concentrations of [3H]prazosin at 1 mM. Collectively, our vesicle assay and cell results suggest that BDE-47 and its hydroxylated metabolite 6-OH-BDE-47 are not P-gp or BCRP substrates; however, hydroxylation of BDE-47 to 6-OH-BDE-47 produces a metabolite capable of inhibiting the efflux activity of both transporters. Results from vesicle-and cellbased systems correlated well, suggesting that in vitro membrane vesicle assays may be useful for rapidly screening chemicals for transporter interactions in a high-throughput manner.
Due to limited data, many chemical exposure and risk assessments cannot fully consider the potential impact of chemical metabolism, including the bioactivation of xenobiotics to chemical species with greater toxicity. However, evaluating the interactions of parent xenobiotics and their metabolites with key transport proteins such as the ABC efflux transporters is important to fully understand xenobiotic pharmacokinetics and make informed risk assessment decisions. The marked difference in transporter inhibition we observed between the parent BDE-47 and one of its most abundant active metabolites should be considered when performing PBDE exposure and risk assessments, particularly in light of the low IC 50 values demonstrated for 6-OH-BDE-47 towards P-gp and BCRP transport activity. Although associations between PBDEs and thyroid hormone disruption in humans are not fully understood (Abdelouahab et al., 2013; Stapleton et al., 2011; Zota et al., 2011) , it has been suggested that OH-PBDEs may actually be responsible for some of the observed effects; however, metabolites are not frequently measured in epidemiological studies (Macaulay et al., 2015) .
Prior to our study, limited information existed on the interactions of BDE-47 with ABC transporters, and no studies evaluated its hydroxylated metabolites. We previously have shown that hydroxylation of the systemic fungicide propiconazole results in metabolites that interact significantly less with P-gp compared with the parent compound (Mazur et al., 2014) . This is in contrast to what has been observed for some pharmaceutical compounds [eg, tamoxifen, indinavir (Hochman et al. 2000; Teft et al., 2011) ] and to our results of BDE-47 and 6-OH-BDE-47 where hydroxylation led to enhanced P-gp interaction, indicating that the functional consequences of metabolite hydroxylation may differ among chemical classes.
Because P-gp and BCRP greatly impact the absorption and excretion of xenobiotics (both drugs and pesticides) entering the systemic circulation, modulation or inhibition of P-gp by parent xenobiotics and/or their metabolites can affect the pharmacokinetics, tissue levels and safety of therapeutic applications (Akhtar et al., 2011; Hartter et al., 2013) . During scenarios of coexposure of multiple xenobiotics, systemic concentrations of the therapeutic agent may be altered due to P-gp or BCRP inhibition, resulting in undesirable effects. To our knowledge, these results are the first to provide comprehensive evidence that 6-OH-BDE-47 is a P-gp and BCRP inhibitor. Further research is needed to improve understanding of the consequences of 6-OH-BDE-47-mediated transporter inhibition, whether it occurs at environmental concentrations relevant to PBDE exposure, and to what degree this impacts xenobiotic transport and cellular protective mechanisms.
